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Abstract 
Whether pedestrian movements do or do not follow similar patterns as vehicular traffic while experiencing congestion is not 
entirely understood. Using data gathered during bottleneck experiments under laboratory conditions, the phenomenon of 
anticipation before entering congestion is studied. This paper provides proof that the movement behavior of pedestrians upstream 
and downstream of bottleneck severely differs severely. As such, this paper concludes that a fundamental diagram of pedestrian 
movement dynamics can only be provided for each separate situation. 
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1. Introduction 
Research into pedestrian movement dynamics is a relatively young field of study. Many phenomena occurring 
during the movement of pedestrian crowds are not yet completely understood. The movement behavior of 
pedestrians in the vicinity of a bottleneck is one of the much studied flow situations. Many authors have only 
presented their results with respect to the (specific) flow rates under certain bottleneck conditions [Yanagisawa et al. 
(2009), Cepolina and Tyler (2005), Kretz et al. (2006), Zhang et al. (2008), and Daamen  and Hoogendoorn (2010)]. 
Some studies also make mention the role of the macroscopic flow variables density and velocity within the 
bottleneck itself (e.g. Liddle et al. (2009), Daamen and Hoogendoorn (2003)). Fundamental diagrams derived for the 
movement within the bottleneck itself, have been derived by Daamen and Hoogendoorn (2003), Seyfried et al. 
(2009), and Song et al. (2011).  The results are far apart from each other in both shape, free flow speed and jam 
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density. Daamen and Hoogendoorn (2003) shows that depending on the measurement location, the fundamental 
diagram changes shape. This would suggest that there are differences in pedestrian movement behaviour before, 
during and after passing a bottleneck. While the movement dynamics of pedestrians within a bottleneck are well 
researched, only a limited understanding exists of the behavioral phenomena occurring upstream and downstream of 
the bottleneck itself.  
The research into the vehicular traffic has had a little more time to develop. Since vehicles and pedestrian are both 
modelled as self-driven particles, hence similarities between the movement behavior of vehicles and pedestrians are 
expected. As a consequence, they are also expected to behave similarly when confronted with a bottleneck situation. 
One of the phenomena mentioned in literature for vehicular traffic during bottleneck situations is  hysteresis (among 
others Treiterer and Myers (1974)). Hysteresis is characterized by retardation is speed recovery after for instance a 
bottleneck (Chen et al. 2012). Daamen and Hoogendoorn (2010) do also hint on the presence of the anticipation 
behavior of pedestrians before a bottleneck. In the following paper, the anticipation behavior of pedestrians upstream 
of a bottleneck on downstream conditions will be quantitatively proven.  
 
This paper will first elaborate briefly on the laboratory experiments used to gather the empirical trajectory data 
sets in section 2. Accordingly the used computations measures are described in section 3. Using the measures 
defined in the previous section, the movement dynamics of pedestrians upstream, in, and downstream of a bottleneck 
are analyzed in section 4. The paper ends with conclusions and some discussion with respect to the described 
phenomena. 
 
Nomenclature 
c cell id 
i pedestrian 
P set of pedestrians i present in the infrastructure  
k density  
t time instance [s] 
T time period 
v velocity 
2. Bottleneck experiments 
At Delft University of Technology several laboratory experiments studying pedestrian movement have been 
performed over the years. During one these experiments a bottleneck was created by means of a door opening in a 
wall. Subjects were asked to pass through an opening of a certain width (without doorstep). One is referred to figure 
1 for an impression of the experiment and the lay-out of the experiment. In the experiments both the stress level of 
the participants and the lightning conditions were varied.  In order to see the impact of anticipation on ‘normal’ 
pedestrian movement behavior only the data sets of experiments during which the stress level was minimal and the 
sight was optimal have been used in this study.  For this comparison there has been chosen to work with 
experiments that consider an average population of between 90 and 150 persons, of which 25% children, 55% 
adults, 20% elderly, 0% disabled were present. The experiment has been observed by a video camera and an infrared 
camera. Each of the pedestrians wore a yellow or red cap and a white t-shirt. The trajectories of all pedestrians in 
each of the experiments have been extracted automatically based on the center points of the caps. For more detailed 
information about the experiments one is referred to Daamen and Hoogendoorn (2010). 
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Figure 1: experimental setup, left) situational sketch, right) measurements 
3. Computation methodology 
The fundamental diagram of pedestrian movements generally relates the walking velocity of pedestrians to the 
density experienced by those pedestrians and flow rate at that point in time in the bottleneck. In the last decades, a 
multitude of computational methods have been used to estimate this diagram. Yet, at the moment there is no 
consensus on which method performs best. Therefore, the authors have chosen to use methods which do not 
introduce extensive errors in the estimation due to the necessity of boundary conditions, large sets of parameters or 
weighting functions. In the remainder of this section, the estimation methods for  density and velocity are further 
described. 
3.1. Density method Edie 
In this study, an adapted version of the density computation method proposed by Edie (1963) for vehicular traffic 
is used (see eq. 1-4). 
݇ሺܿǡ ݐሻ ൌ
σ ሺ௧೔ǡ೐೙೏ି௧೔ǡ್೐೒೔೙ሻ೔
௑்
  ׊  ݅ א ܲܽ݊݀ݐ௜ǡ௕௘௚௜௡ ൏ ݐ ൏ ݐ௜ǡ௘௡ௗ (1) 
In this grid-based method, also called ‘x-t method’, the total distance and total travel time by all vehicles in a 
predetermined space-time region are determined based on the trajectories of all pedestrians present within the 
infrastructure. The method does not allow for a completely consistent estimation of velocity and density at the 
location of the pedestrian due to the lack of the implementation of a vision field and the implementation of a grid.  
This method does, however, consistently estimate the macroscopic flow variables for spatial areas. Furthermore, the 
authors have good experiences with this estimation method’s ability to distinguish between different kinds of 
movement behavior within a fundamental diagram.  
3.2. ܵ݌ܽܿ݁݉݁ܽ݊ݏ݌݁݁݀ 
The walking velocity upstream, in, and downstream of the bottleneck is determined using the space mean speed 
of certain grid-cells, see eq. 2 for a mathematical description of this method. 
ݒሺܿǡ ݐሻ ൌ
σ ሺห௩೔ǡ೟หሻ೔
்
                       ׊  ݅ א ܲܽ݊݀ݐ௜ǡ௕௘௚௜௡ ൏ ݐ ൏ ݐ௜ǡ௘௡ௗ  (2) 
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Figure 2: Estimations of the fundamental diagrams for a bottleneck experiment. a) frequency plot of the velocity-density relationship. b) 
frequency plot of flow-density relationship. In both graphs the red color indicates a larger concentration of data points within a cell, while a light 
grey color indicates a light concentration of data points.  
4. Results 
A number of different runs with differences in the width of the door opening and a number of repetitions of each 
runs has been performed during the bottleneck experiment done by Daamen and Hoogendoorn (2010).  
The results with respect to the analyzed movement dynamics are similar across the repetitions of the runs and runs 
themselves, therefore only the resulting velocity-density and flow-density graphs of one of the experiments are 
depicted in figure 2. Different from previous approaches, not only the results of the grid-cells within the bottleneck, 
but also the grid-cells defined upstream and downstream of the bottleneck have been included in the computation of 
this fundamental diagram. The estimation of both fundamental diagrams is presented by means of a frequency plot 
of the data points in order to clarify the density of data points within a certain region of the graph. The dark areas 
represent a high densities, while light grey areas represent areas where only a limited of data points is located.  
In figure 2 several trends are visible. First of all, in the velocity-density graph (figure 2a) regions with a high 
density of data points are visible for both reasonably high (1.5 - 2 m/s) and low (0 – 0.5 m/s) velocities. The high 
velocity data points are contained in a very small, collected region. This suggest that free flow is only achieved at 
low densities, which is as expected based on previous research. A second visible trend is the lack of data points in 
between the two regions containing a high density of data points. This suggest that pedestrians are either moving in 
a congested state or in free flow, but that the time period during which they are in transition between free flow and 
congestion is fairly limited. Furthermore, it can be seen that, the region containing a high density of data points at 
low walking velocities, surprisingly, stretches out over the entire density range. This would indicate that density and 
walking velocity are not always linearly related to each other. Also the paper Daamen and Hoogendoorn (2010) 
indicated this: “Also, pedestrians are waiting to walk into the bottleneck. While they are waiting, they try to 
maintain their level of comfort by keeping distance to other pedestrians, thus not increasing the (local) density. This 
is possible, because the time it takes to reach the bottleneck is independent of their walking velocity.” The flow-
density graph (figure 2b) also does also indicate more than one relation between flow and density. Two linear 
relations are visual, that shape the boundaries of a cloud of data points. 
 
From the two presented fundamental diagrams it can be concluded that depicted movements switches between 
two regions in the diagrams.  To find out which behavior occurs at what point in the fundamental diagram, several 
loose trajectories of pedestrians were related to their velocity and the by experienced density. It was found that when 
the walking velocity of early pedestrians, i.e. pedestrians that went to the bottleneck within the first few seconds, 
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was related to the density experienced by those pedestrians and plotted in a fundamental diagram, generally their 
path had a different shape with respect to that of late pedestrians. In figures 3a and b the path of an early pedestrian 
is illustrated. It can be seen that the flow-density graph follows a similar pattern as the fundamental diagram of 
vehicular traffic. During the first part of the movement congestion is encountered, both high densities and low 
velocities occur, resulting in low flows. During the second part of the movement, free flow is again possible, as such 
the walking velocity increases and as such the flow within the region. 
In figures 3c and d, the temporal relation of data points of the late pedestrians within the fundamental diagrams is 
illustrated. This relation does show quite different pedestrian movement behavior. Also this time, the pedestrian 
encounters congestion. However, until the bottleneck is reached, the densities experienced by the pedestrian remains 
far lower, while at the same time the pedestrian’s walking velocity is low too. Only after passing the bottleneck, the 
walking velocity of the pedestrian increases, while the experienced density remains fairly similar throughout this 
process. 
 
  
  
Figure 3: individual trajectory through fundamental diagram. In the velocity-density graphs time is represented by the color change from blue to 
red. In the flow-density graphs the y-location of the pedestrians is indicated, where blue represents before the bottleneck and the red data points 
represent locations after passing the bottleneck. Red dot indicates the moment the person passes the bottleneck. a&b) path of singular early 
pedestrian through the fundamental diagram. c&d) path of a singular late pedestrian through the fundamental diagram. 
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(b) 
 
(c) 
 
(d) 
Figure 4: Fundamental diagram bottleneck experiment, a) and c) upstreams bottleneck, b) and d) downstream of bottleneck. 
The two sets of graphs presented in figure 3 indicate that there are dissimilarities in movement behavior of the 
pedestrians found that might related to the location where the pedestrian resides. The dissimilarities in movement 
can roughly be divided between the area upstream of the bottleneck (wait – and see) and downstream of the 
bottleneck (move with maximum velocity). Additionally, the two sets of graphs also indicates there are 
dissimilarities in the walking behavior of early and late pedestrians. It is hypothesized that the difference in behavior 
between the two pedestrians is related to the time of arrival at the bottleneck and as such the visibility of congestion 
downstream of the current location of the pedestrian. In order to test both of these hypotheses, two further tests have 
been performed.  
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Figure 5: Relation between average density at the bottleneck and the average walking velocity at the entrance of the system 
If the first hypothesis is true, one should find different relationships for the aggregated movement behavior 
upstream of the bottleneck, with respect to downstream of the bottleneck. In figure 4 separate the frequency plots of 
the velocity-density and flow-density diagrams are depicted for both the upstream and downstream area. It is indeed 
found that the two rich data point regions that were visible in figures 2a and 2b are not residing in the same diagrams 
anymore. The high density region of data points at low velocities are only visible in the graphs estimated for the area 
upstream of the bottleneck, while the high density region of data points at high velocities is especially clearly visible 
in the plots estimated for the area downstream of the bottleneck. Furthermore, the transition behavior is almost 
entirely captured in the flow-density graph estimated for the area upstream of the bottleneck. This while a linear 
relationship between flow and density is found for the area downstream of the bottleneck. When comparing these 
results, with what one would expect for vehicular traffic, one might say that figures 4a and c represent the 
movement of particles in a congested zone where moving faster does not provide any benefits on the long term. At 
the same time figures 4b and d display the fundamental diagram of pedestrian movements moving towards an 
uncongested movement situation again. In that case, moving faster does on the long term provide benefits on the 
long term. 
If the second hypothesis is true, a negative relation between the walking velocity in the uncongested upstream 
area before the bottleneck and the density experienced by pedestrians at the bottleneck (current traffic state at the 
bottleneck) should exist. Figure 5 shows that when the average density in the bottleneck increases, the walking 
velocity at the uncongested upstream area decreases. This would suggest, that pedestrians are indeed reacting on the 
traffic state at the bottleneck.  
There is, however, an important difference between the fundamental diagrams presented in this study and  
fundamental diagrams presented for vehicular traffic.  Even though, anticipation is encountered during the inflow of 
a bottleneck, no late reaction is visible at the moment acceleration is possible again. As such it is hypothesized, that 
instead of reacting later on velocity increase, pedestrians only react earlier on expected velocity decreases (i.e. they 
anticipate). Anticipation does explain why pedestrians adopt a slower walking velocity than they are capable of in a 
certain density region.  
5. Conclusion and discussion 
In the previous sections the movement dynamics of pedestrians while moving through a bottleneck analyzed.  .  
Data sets resulting from evacuation experiments done by Daamen and Hoogendoorn (2010) were used to shed light 
on the movement dynamics of pedestrians specifically upstream and downstream of a bottleneck. In accordance with 
the hypothesis posed by Daamen and Hoogendoorn (2010), anticipation could be quantitatively determined for 
pedestrians moving towards a bottleneck. No hysteresis (late acceleration) was found for pedestrians moving away 
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from a bottleneck in the area downstream of the bottleneck. As a result, this paper provides proof that the movement 
behavior of pedestrians upstream, in and downstream of a bottleneck differs severely. While their movements 
upstream of a bottleneck seem to be governed by their information with respect to the traffic state in the bottleneck 
ahead of them, their movements downstream of the bottleneck seem to be governed by the physical restrictions of 
the current local situation only. 
As mentioned before, the studied trajectory data sets resulted from evacuation experiments performed under 
laboratory conditions. Since it is unclear, whether the results of an laboratory experiment, nor of an evacuation 
situation, provide quantitatively similar results with respect to normal pedestrian behavior. Therefore, it is currently 
unclear under what other circumstances anticipation might play a role in pedestrian movement dynamics. Since, 
even during the evacuation experiments under ‘normal’ condition some pressure to move through the bottleneck is 
present, it is expected that in movement situations where pedestrians are unpressured to move along anticipation 
plays an even bigger role in their operational movement behavior. 
The results presented in this study do suggest that the movements of pedestrians are governed by more than just 
the locally experienced density. As a result, the movement behavior of pedestrians upstream and downstream a 
bottleneck might be behaviorally different. As a consequence, it can be concluded that a fundamental diagram can 
only describe the movement dynamics of pedestrians in a specific flow situation. This does imply that no universal 
fundamental diagram exists which summarizes all pedestrian movement dynamics. More research is needed in order 
to specify which movement behaviors and flow situations can be described by one and the same  fundamental 
diagrams proposed by previous researchers.  
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